Exceptional fracture toughness levels exhibited by WC-Co cemented carbides (hardmetals) are due mainly to toughening derived from plastic stretching of crack-bridging ductile enclaves. This takes place due to the development of a multiligament zone at the wake of cracks growing in a stable manner. As a result, hardmetals exhibit crack growth resistance (R-curve) behavior.
INTRODUCTION
WC-Co cemented carbides (hardmetals) are a group of ceramic-metal composite materials with exceptional combinations of strength, toughness and wear resistance. Such remarkable mechanical properties result from the extremely different properties of their two interpenetrating constitutive phases: hard, brittle carbides and a soft, ductile metallic binder (e.g. Refs. [1] [2] [3] ).
As a consequence, they are leading materials in a wide range of extremely demanding applications, where improved tribo-mechanical performance and high reliability are required (e.g. Ref. [4] ).
The outstanding fracture toughness levels exhibited by hardmetals are mainly associated with toughening derived from plastic stretching of crack-bridging ductile enclaves [5] [6] [7] . Within this context, cracks propagate throughout the composite assembly, leaving isolated metallic ligaments behind the crack tip. As first described by Evans et al. [8] , cracks open with increasing applied load, and a multiligament zone develops at the crack wake [9] [10] [11] . For WCCo cemented carbides, this zone is reported to measure about five times the microstructural length scale (carbide grain size) and comprises between 2 and 4 ligaments in the direction of crack propagation [10, 11] . The energy required to plastically deform the constrained ductile ligaments is the main contribution to the toughness of these materials [5] [6] [7] [8] [9] [10] [11] [12] . Plastic deformation of these reinforcing ligaments is restricted to the binder regions crossed by the crack plane and proceeds through nucleation, growth and coalescence of microcrocavities [6, [9] [10] [11] [12] [13] [14] [15] . As in the case for brittle solids reinforced with a ductile phase (e.g. Refs. [16] [17] [18] [19] [20] [21] [22] ), the development of the multiligament zone implies the existence of a rising crack growth resistance (R-curve) behavior in hardmetals [23] [24] [25] [26] [27] , the size of which is dependent on the width and strength of the ligaments [7, 24, 28] ; and thus, on the microstructural arrangement of the composites under consideration. R-curve behavior may be described as the ability of a microstructure to develop toughening mechanisms on an advancing crack, which can be done, for example, by screening the crack tip from the far-field driving force [21, 29, 30] . In the case of ceramics toughened by ductile reinforcements, the magnitude of these stresses increases with crack extension due to the formation of new bridges at the crack wake until a plateau is reached. However, as failure in these materials is intimately related to relatively short cracks (e.g. natural flaws), total development of the multiligament zone may not take place before rupture. In these cases, the crack tip resistance steady-state level, i.e. that corresponding to fracture toughness measured in long cracks, would not be reached [21, 25] . Thus, depending on the initial crack size, WC-Co cemented carbides would be expected to fracture at different crack tip stress intensity factors values (K R ), which are below the long-crack fracture toughness (K Ic ) characteristic for each material. On the other hand, R-curve behavior translates into subcritical crack growth of the preexisting flaws, i.e. critical crack size is larger than the initial crack size. It implies a beneficial effect on reducing strength scatter, as compared with that of materials exhibiting a flat R-curve with the same crack tip toughness. Therefore, higher reliability is expected for materials showing rising R-curve characteristics [29, 31] .
A deep understanding of the fracture process in WC-Co cemented carbides requires a detailed characterization of crack-microstructure interactions. The advent of new and advanced characterization techniques has proven to be extremely helpful for achieving this purpose.
Among them, the focused ion beam (FIB) technique has shown to be an adequate technique to evaluate the microstructure and to characterize damage on materials [32] [33] [34] [35] . Fruitful examples of its implementation in cemented carbides have been recently reported. They have focused on either characterization of microstructural features (e.g. Refs. [36, 37] ) or assessment of induced damage (e.g. Refs. [15, 38, 39] ). For these reasons, the aim of this study is to investigate the fracture behavior of WC-Co cemented carbides by documenting and analyzing toughening phenomena through serial FIB sectioning and field emission scanning electron microscopy (FESEM) imaging. In doing so, crack-microstructure interactions are quantified, and an analytical model for the description of R-curve behavior of hardmetals is then proposed.
MATERIALS AND EXPERIMENTAL ASPECTS
The investigated material is a medium grain sized WC-11 %Wt. Co (Figure 1) supplied by Sandvik Hyperion. Microstructural characteristics, including binder content (% Wt. binder), mean grain size (d WC ), carbide contiguity (C WC ), and binder mean free path (λ binder ), are listed in Table 1 .
Mean grain size was measured following the linear intercept method [40] , using FESEM micrographs taken in a JEOL-7001F unit. Carbide contiguity was deduced from best-fit equations following empirical relationships given by Roebuck and Almond [2] , but extending them to include carbide size influence on the basis of extensive analysis of data from open literature [41] . Binder mean free path was finally estimated from the carbide contiguity data [1, 2] .The hardmetal grade under consideration exhibited a Vickers hardness of 12.8 ± 0.2 GPa. This value was averaged over five measurements made under an applied force of 294N. Assessment of toughening mechanics and mechanisms was the main experimental activity in this investigation. Within this context, plane strain fracture toughness (K Ic ) evaluation and corresponding fractographic examination of broken specimens were first conducted. K Ic was determined using 45x10x5 mm single edge pre-cracked notch beam specimens with a pre-crack length-to-specimen width ratio of about 0.5, following the procedure reported by Llanes and coworkers [27, 42] . Five specimens were tested, yielding an average fracture toughness of 13.9 ± 0. The mechanical/fractography characterization was followed by a detailed study of crack- 
RESULTS AND DISCUSSION

Toughening mechanisms in WC-Co cemented carbides
In agreement with previous findings reported in the literature (e.g. Refs. [10, 12, 43] ), fracture surfaces corresponding to cracks propagated under monotonic loading exhibit well-defined dimples within the binder (Figure 4a) , suggesting a purely ductile fracture mechanism. Thus, aiming to document, understand and evaluate the crack growth process under monotonic loading, transversal cut FIB/FESEM images corresponding to the bridging process zone at the crack wake were analyzed. These micrographs clearly point out to the nucleation, growth and coalescence of microvoids as the main failure mechanism of binder ligaments in the crack path (Figure 4b ). An example of such damage evolution within a binder ligament is shown in Figure 5 . Obtained micrographs represent experimental evidence (and thus validate) several statements postulated by Sigl and co-workers after their systematic and thorough investigation on the fracture behavior of WC-Co cemented carbides [6, 10, 11, 13] , as follows:
(1) The crack initially propagates through the composite assembly, leaving binder ligaments at the crack wake acting as bridges which hinder the crack from propagating further (e.g. Figures 3a and 3d ).
(2) Ductile enclaves elongate during crack opening. This deformation is compensated by the formation of microcavities inside the ligament to uphold volume constancy [10, 11] . Then, localized plastic deformation occurs at the bridges between the voids, leading to final failure of the ligaments by growth and coalescence of the microcavities ( Figure 5 ).
(3) Voids tend to nucleate at carbide corners (stress raisers) (e.g. Figure 3b ) and close to carbide-binder interfaces (but within the binder) (e.g. Figure 3c ), where high triaxial stresses are reached [13] . Voids that run close and parallel to binder-carbide interfaces are smaller but higher in number than the voids that nucleate in binder regions more distant to interfaces, as can be appreciated in Figures 3 and 4a . It has also been observed that the mean depth of the plastic zone is always smaller than the mean free path in the binder and no metal/ceramic debonding has been found. In summary, the existence of multiligament zones as primary foundations for the outstanding fracture toughness of hardmetals is validated. Additionally, the existence of such crack wake bridging mechanism can be directly related to the R-curve behavior of WC-Co cemented carbides. Within this context, the interpenetrating two-phase composite microstructure plays a critical role in defining effective toughness, R-curve characteristics, reliability and damage tolerance. Figure 5 . Series of FESEM micrographs outlining the multiligament zone at the crack wake for hardmetals. These micrographs evidence damage evolution within a binder ligament as the distance from the crack tip (x) increases for a crack propagated (stable growth) under monotonic loading.
Analytical assessment of R-curve behavior: toughening mechanics
In this section the estimation of the R-curve behavior of the investigated hardmetal is attempted through the analysis of a series of images of crack-microstructure interaction, and the implementation of analytical models for describing the behavior of metal reinforced ceramics.
The contribution of the constrained ductile reinforcements to fracture toughness (∆G c ) can be related to the nominal stress of the ligaments for a given crack-opening displacement (u)
according to [7, 31] :
where A f is the area-fraction of ductile material intersected by the crack-plane, u * is the crack opening at the point when the ductile ligament fails, σ is the normal stress on the bridge, σ y is the yield strength of the initially unconstrained binder, λ Co is the binder mean free path, and W is a measure of the toughening capacity of a given ductile reinforcement. D* is a "work of rupture" function that depends on the constraint and the constitutive properties of the binder [7, 27, 44] , and on the interface strength. Thus, the effective toughness of bridged ceramics can be written in terms of the crack tip stress intensity factor (K R ) as [7, 27, 31] :
where K t is the critical crack tip stress intensity factor required for crack initiation, and E and are the Young's modulus and the Poisson ratio of the composite, respectively.
Through the analysis of imaged transversal micrographs, the R-curve of the studied WC-Co cemented carbide may be estimated according to expression (2) . In this regard, and on the basis of obtained FESEM/FIB images, crack opening displacement (u) can be experimentally measured as a function of the distance from the crack tip (x). These results are shown in Figure   6 . With this purpose, FESEM transversal micrographs were binarized such that the cracks were represented in black and the other phases in white. Then, the geometry of the crack chords was analyzed and its area (S) and maximum length (L) determined. Crack opening distance values were subsequently estimated by considering the crack chords as rectangles of area S i = L i u i . In the few cases where the curtaining effect affected the geometry and size of the chords, the images were manually corrected to avoid a disruption of the results. Free available Fiji software was used for this analysis. An interval of 400 nm between analyzed FESEM images was selected, and more than 30 micrographs were processed. Nevertheless, the first obtained micrograph did not correspond to the crack tip but rather to a position few microns behind.
Hence, distance from the first analyzed transversal FESEM micrograph to the crack tip was approximated by the measuring crack opening displacement at this point, and comparing it to the one theoretically deduced for an un-bridged material using the Irwin Parabola [45] of equation:
It is interesting to note that, although crack-opening displacement curve follows a similar trend to that described by Irwin Parabola, it is slightly shifted down. A plausible reason for this relative displacement may be the presence of bridging ligaments that exert closure stresses on the crack wake, as reported for other ceramic-metal composites [19] . The first stage of the u-x curve follows a power law dependence of equation:
where m and n are constants. In the case of the studied hardmetal, a best-fit of experimental data yields values of 0.0397 and 0.415 for the referred constants, respectively. Nevertheless, at a distance of approximately 10 μm behind the crack tip, this toughening mechanism is no longer effective and u values increase much faster. debonding and fracture of the brittle phase [7, 24, 46, 47] . Assessment of D* from equation (2) requires reliable inputs for yield strength of unconstrained binder ligaments (σ 0 ) and critical crack tip stress intensity factor required for crack initiation (K t ). A value of 600 MPa may be taken for σ 0 , from the reference work by Roebuck and Almond [48] . This value of strength is significantly higher than that expected for bulk Co, as expected from the solid solution strengthening contribution associated with dissolved tungsten and carbon [48, 49] . It may be assumed that the K t value is equal to the corresponding fatigue crack growth threshold (for a load ratio of 0.1), which in its turn is linearly dependent on the grain size [50] due to the action of crack-deflection as an additional toughening mechanism in cemented carbides [27, 50] . Under these assumptions, equation (2) yields a value for D* of 2.8, in satisfactory agreement with previous estimations reported in medium-and coarse-grained WC-Co cemented carbides [27] .
Several authors (e.g. Refs. [51, 52] ) have proposed and validated a function for representing bridging stress in toughened ceramics as a function of the distance from crack tip with the form:
where α and β are arbitrary constants. Then, by combining expressions (4) and (5), bridging stress can be written as a function of u as follows:
The α and β constants can be determined by solving equation (6) for specific boundary conditions. On one hand, it is known that σ(u) equals zero when the ductile material fails (i.e. u = u * ). On the other hand, from expression (3) it is known that:
By solving both equations numerically, α and β can be determined and the σ-μ curve for the binder bridges drawn (Figure 8 ). In accordance with previous investigations [6, 11, 53] , strength values up to 8 times higher than the ones expected for the unconstrained Co-alloy were obtained. In the curve plotted in Figure 8 , the first region is dominated by an elastic-bridging mechanism leading to a fast rise of bridging stress [24] . It reaches a maximum value at u about 30 nm. Subsequently, plastic deformation of bridges proceeds by necking. It results in an effective bridging stress decrease, even though ductile enclaves experience work hardening as deformation takes place [6, 7, 24, 28] . (6) and (7).
Once the dependence of bridging stress on crack-opening displacement is known, value of D* for a given u may be deduced using equation (7). This enables the estimation of the R-curve for the investigated WC-Co cemented carbide on the basis of equation (1), and results are shown in Figure 9 . A good correlation (R 2 = 0.94) is obtained between estimated data and equation
proposed by Ramachandran and Shetty for describing R-curve response [54] :
where t is a normalizing crack length parameter. ) values for the investigated cemented carbide [50] while the t parameter is related to the microstructural size of the hardmetal under consideration. Figure 9 . Estimated R-curve behavior for the investigated cemented carbide. Black points correspond to the estimated K R values according to equation (2) , while the black line is obtained after a best-fitting of such points according to equation (8) , proposed by Ramachandran and Shetty [54] for describing R-curve response of ceramic/metal materials.
A critical appraisal of this curve permits highlighting two interesting facts. First, cemented carbides exhibit a pronounced R-curve behavior, due to the development of a tougheningeffective multiligament zone behind the crack tip. Within this context, R-curve shape can be described as short in length but exhibiting a steep slope, due to the extremely large bridging stresses developed by the strong and tightly bonded constrained ligaments [6, 11] . Regarding extension of this multiligament zone, it was found to be about 6-7 times the microstructural length scale of hardmetals ([d WC + λ binder ]), comprising then between 4 and 6 bridging ligaments.
These experimental and analytical findings are in complete agreement with those stated in the investigation conducted by Sigl and coworkers [10, 11] . Second, the first few microns of the multiligament zone account for most of the crack tip shielding effect. In this regard, at 2 μm from the crack tip almost half of the effective action of the binder bridges has already been developed. Moreover, this shielding effectiveness percentage increases up to 75% at a crack tip distance of 4 μm.
It should be emphasized that catastrophic failure of WC-Co cemented carbides is related to the propagation of pre-existing flaws, either inherent to the manufacturing process (e.g. Refs.
[2,55]) or induced under service conditions (e.g. Refs. [39, 56, 57] ), and its strength is intimately associated with nature, size and geometry of such defects [2] . In this regard, one beneficial aspect of materials exhibiting R-curve behavior is that effective toughness level rises as the size of the flaw also increases [21] . As a consequence, the existence of R-curve behavior is expected to impart in-service reliability and enhanced damage tolerance to the corresponding structural components [31] . From this structural viewpoint, to delve deeper into the knowledge of R-curve characteristics of cemented carbides becomes relevant not only for development of new and improved microstructural combinations, but also for proper material selection aiming to optimize performance in extremely demanding applications. Within this context, the results of this study postulate and validate the implementation of combined FIB/FESEM experimental and analytical approaches for assessing the microstructural influence on effective toughness under service conditions (on the basis of R-curve behavior) for these materials.
CONCLUSIONS
In this study, toughening mechanics and mechanisms of WC-Co cemented carbides were studied. The investigation was done by combining experimental and analytical assessment of Rcurve behavior in a given hardmetal grade. The experimental work includes serial FIB/FESEM sectioning and imaging of crack-microstructure interaction within the bridging process zone at the crack wake. Based on the main findings of the study, the following conclusions may be drawn:
1. Unequivocal proof of the multiligament zone as the foundation for understanding toughness and R-curve behavior in hardmetals is provided. Binder bridges at the crack wake are the main toughening mechanism in cemented carbides, and fail by nucleation, growth and coalescence of microcavities. These microvoids tend to nucleate within the binder but close to either carbide corners or carbide-binder interfaces, where high triaxiality stress and strain conditions are fulfilled. It was found that the size of the multiligament zone extends about 6-7 times the microstructural length scale of the hardmetal studied, comprising then between 4 and 6 bridging ligaments.
2. The crack opening displacement (u) has been experimentally measured as a function of the distance from the crack tip. While bridging stresses are active, u values increase following a power law dependence. However, as ductile ligaments cease being active, u values increase at higher rates with respect to the distance from the crack tip.
3. An analytical representation of the evolution of bridging stress as a function of crack opening displacement was presented. In accordance with previous investigations, bridging ligaments exhibit strength levels much higher than the ones expected for an unconstrained Co-alloy.
4. R-curve behavior for the WC-Co cemented carbide studied is assessed by critical analysis of series of FIB/FESEM images of crack-microstructure interaction at the wake of stably grown cracks. As a result, cemented carbides are found to exhibit a steep but short R-curve behavior, due to the large stresses supported by the highly constrained and strongly bonded bridging ligaments. Thus, relevant strength and reliability attributes exhibited by hardmetals may be rationalized on the basis of this toughening scenario. A schematic representation of the crack tip bridging process is also included. Shetty [54] for describing R-curve response of ceramic/metal materials. Table 1 . Microstructural parameters for the investigated material.
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